A population of cells exhibits wide phenotypic variation even if it is genetically homogeneous. In particular, individual cells differ from one another in the amount of protein they express under a given regulatory system under fixed conditions. Here we study how protein distributions in a population of the yeast S. cerevisiae are shaped by a balance of processes: protein production-an intracellular process-and protein dilution due to cell division-a population process. We measure protein distributions by employing reporter green fluorescence protein (gfp) under the regulation of the yeast GAL system under conditions where it is metabolically essential. Cell populations are grown in chemostats, thus allowing control of the environment and stable measurements of distribution dynamics over many generations. Despite the essential functional role of the GAL system in a pure galactose medium, steady-state distributions are found to be universally broad, with exponential tails and a large standard-deviation-to-mean ratio. Under several different perturbations the dynamics of the distribution is observed to be asymmetric, with a much longer time to build a wide expression distribution from below compared with a fast relaxation of the distribution toward steady state from above. These results show that the main features of the protein distributions are largely determined by population effects and are less sensitive to the intracellular biochemical noise.
Introduction
In a population of organisms, each individual is unique. Genetic variation, maintained by various forces, is an important factor for the survival of the population over long time scales in the context of ecology and evolution. However, even a genetically homogeneous (clonal) population exhibits a large degree of phenotypic variation among its individuals [1] [2] [3] [4] [5] .
While the fundamental questions concerning phenotypic variation were raised many years ago [1, 2, 6] , there has recently been a renewed interest in quantifying variation by single-cell measurements [7] [8] [9] [10] [11] [12] [13] . Microorganisms provide a convenient model system to study phenotypic variation in clonal populations. This variation can be characterized in many ways, such as by the gene expression level, or by morphological or metabolic characteristics; here we focus on variation in the expression of a particular protein among individual yeast cells in a genetically homogeneous population.
Proteins are produced inside cells in a process that is regulated at several levels. In particular in eukaryotic cells, transcription regulation has evolved to exquisitely sensitive and precise mechanisms that can respond to multiple inputs [14] [15] [16] [17] [18] . However, even precisely regulated genes are variably expressed in cells grown under homogeneous conditions. This fact raises fundamental questions about how gene regulation can remain functional in a variety of conditions; indeed, protein expression variation has been extensively characterized in recent years (for a review, see [5] ). However, we note that the functional significance of expression variation can be assessed only under conditions where the expressed gene plays an essential role in the cellular function. Thus in experiments where proteins are expressed from promoters that are induced by synthetic agents (such as IPTG), or by external signals irrelevant to metabolism (such as induction of the GAL system by galactose in cells grown in raffinose), only local biochemical aspects of noise in gene expression are in fact probed. In this work, since we are interested in variation in a functionally regulated protein, a central feature of our experiments is the measurement of expression from GAL promoters under conditions of galactose as a sole carbon source. This experimental design allows us to gain insight into the variation inherent to a regulatory system that carries an essential metabolic role.
At the level of the single cell, there are multiple mechanisms rendering functionality immune to variation in gene expression [11, 19, 20] ; cell metabolism and growth are the integrated outcomes of many interacting processes and under normal conditions cellular homeostasis buffers against variations in protein content [21] [22] [23] . In some cases, however, variation in the content of particular proteins across a population can have significant effects on functionality, for example by allowing a population to adapt to transient stress [24, 25] , or by flipping a genetic switch and initiating a split of the population into distinct phenotypic subgroups [26] [27] [28] . Thus, the functional implications of protein variation are most crucial at the level of a cell population: it can enable population survival by providing a substrate for phenotypic selection under changing environments [24, [29] [30] [31] . These effects are generally important over physiological time scales, namely times longer than a generation but short relative to the time typical of mutations and their fixation in the population. A quantitative characterization of regulated protein variation from the population point of view is required in order to understand its role over these time scales.
At the level of the population, one is interested in the characteristics of protein distributions, their steady states and stability properties, and their dynamics in response to perturbations. Recent studies have focused on characterizing the sources of variation internal to the cell and related to the small number of molecules involved [4, 5, [7] [8] [9] [10] [11] [32] [33] [34] .
These include many interacting sources with different stochastic characteristics that generally depend on the details of underlying biochemical systems. A cell population, however, is not a statistical ensemble of independent individuals but a dynamical system. Cells are continually dividing and proteins are inherited to the newborn cells; their gene expression state is dependent, among other things, on these initial conditions determined at cell division. Thus from the population point of view both the growth history and the metabolic conditions play important roles in shaping the population protein distribution. This dynamic problem spans a wide range of time scales that need to be addressed both experimentally and theoretically.
Characterizing protein distributions in proliferating cell populations with sensitivity to the population's history and details of cell division necessitates special measurement systems. It requires following the population at singlecell resolution over several generations under controlled conditions. It is also necessary to distinguish between transients-which may last longer than a cell generation time-and steady states of the population [12] . Environmental signals regulating gene expression, such as inducing or repressing substances, need to be applied in a controlled way and their concentration maintained stably over long time scales. Standard growth techniques do not allow such control of the environment. In this work we use a chemostat, a continuous culture technique, to grow yeast populations under controlled conditions-a mixed, homogeneous environmentfor many generations, allowing for quantitative investigation over the relevant time window spanning several generations (∼10) or longer. We study variations in a protein that is expressed from a promoter regulating a metabolically essential system-the galactose utilization system under conditions where galactose is the sole carbon source. In this context the chemostat plays an additional important role: yeast cells that are not metabolically well fitted, namely that do not exhibit an adequate growth rate, cannot compete in the chemostat and will be represented poorly in the population. We employ a reporter green fluorescence protein (gfp) expressed from a GAL promoter and high-resolution fluorescence microscopy to quantify the protein distribution in the population, and to characterize both their steady states and their dynamic responses to various perturbations. Previous studies have shown that this method accurately reflects the pattern of the native GAL system proteins [12, 35] . Direct analysis of microscope images allows us to overcome artifacts that may occur while using automated analysis methods [36] and to analyze in detail the physiological properties of the population (see below).
We find that the population steady state is universally characterized by a broad distribution of expressed protein with a peak near zero and an exponential tail. Increasing the mean expression by multiple promoters increases the standarddeviation-to-mean ratio of the distribution. In response to several perturbations, the relaxation back to steady state is found to be asymmetric. Repression is much faster than induction, and is established within two to three generations as opposed to approximately ten generations. A high-expressing subpopulation relaxes back to the steady state also within approximately three generations, while a low-expressing subpopulation takes much longer, more than ten generations, to build up the steady-state distribution. Our results, in particular the time scales that emerge in the dynamics of distribution, show that population dynamic effects dominate over the intracellular noise in shaping the protein distribution.
Materials and methods

Plasmid and strain constructions
All experiments were carried out with the haploid yeast strain YPH499 [Mata, his3 200, leu2 1] . Multiple promoters were inserted into the plasmid vector pESC-LEU (Stratagene) containing pGAL1-pGAL10 divergent promoters, on which the gfp was inserted under the GAL10 side of the promoter [12] . Alternatively, a single gfp copy was integrated into the genome at the LEU2 locus by using the plasmid pRS405 cloned with the gfp downstream GAL10 promoter [12] .
Cell growth and microscopy
Cells were grown in homemade chemostats as described in [12] . Dilution rates were varied between experiments in the range of 0.06-0.2 l h −1 . This corresponds to a generation time between 11 and 3.5 h. We used synthetic dropout medium lacking leucine and 2% of pure galactose (or pure glucose) as a sole carbon source, 1. 
Image analysis
Basic image analysis was done as described in [12] . The procedure employs a combination of analysis by ImagePro with our homemade-developed software. It produces the histogram of cell sizes and cell fluorescence in samples of the population consisting of several thousand cells at each time point. In addition, we identified and tagged pairs of mother and bud cells for separating subpopulations and for following the inheritance of proteins across generations. From each experiment, several hundred such pairs could be identified.
Plasmid copy number measurements
The mean plasmid copy number was measured by real-time PCR (AB 7700). Measured amounts of ACT1 prepared by PCR served as a ruler. Total DNA was purified from cells harvested from the chemostat (Invitek Tissue kit). The number of gfp DNA sequences was compared to that of GAL4 and ACT1. The GAL4 to ACT1 ratio was used to estimate the measurement errors. Maximal errors were less than 3% in duplicates at the same PCR measurement and less than 15% between separate PCR measurements.
Cell separation
The separation of cells was done using a FACSVantageSE cell sorter (Becton Dickinson). Approximately the same number of cells was sorted from the two ends of the fluorescence distribution. The cells were immediately grown in the same galactose-rich medium described above at 30
• C. The cell growth rate was estimated by plating cells from the two subpopulations from the onset of separation at regular time intervals on YPD plates and then counting colonies. Samples of cells were scanned under the fluorescence microscope at regular time intervals for fluorescence distribution estimates.
Monte Carlo simulations
A large population of cells (∼100 000) was followed across generations. In each generation, each cell produced an amount of protein drawn from a given distribution representing the internal cellular protein production stochastic properties. At the end of each generation the cells divided and their protein content was distributed according to the binomial distribution with a fixed mean fraction f. This enabled us to describe the asymmetric division in the budding yeast. The population was kept at a constant size by random washout. The convergence was monitored by computing the first two moments as a function of generations.
Results and discussion
Steady-state distributions
The chemostat is the only growth technique that enables us to distinguish clearly between transient responses and steady states of a regulatory system in proliferating populations [12, 23, 25] . We have used the chemostat to grow populations of yeast cells to steady state with high-concentration galactose (2%) as the sole carbon source; under these conditions the GAL regulation system is expected to be strongly induced. Using fluorescence microscopy, we measured the single-cell fluorescence level of a gfp reporter expressed from the GAL10 promoter in a sample of cells and constructed a histogram representing the population distribution (figure 1). At steady state the population is characterized by a broad expression distribution with a peak at a relatively low fluorescence level and an exponential tail. Figure 1 (a) compares the distributions of expression from a single promoter integrated into the genome with that from promoters on multiple-copy plasmids. Both distributions exhibit exponential tails, with standarddeviation-to-mean ratios of σ /µ = 0.6 and 1 respectively. These values are surprisingly large considering the metabolic role of the GAL system in pure galactose. It is noted that the ratio σ /µ increases with increasing mean, in contrast to the expected behavior of microscopic random fluctuations. This is the result of the long exponential tail that builds as the source of protein production is increased. In the experiments that follow, it will be shown that this empirical relation between σ /µ and µ is maintained under various conditions.
Figure 1(b) shows the fluorescence histograms from many separate experiments with different chemostat dilution rates and limiting nutrients. The scaled fluorescence distributions (normalized to unit mean) exhibit two universality classes, corresponding to those shown in figure 1(a), independent of the growth medium or dilution rate. This universality enables us to pool together data from several experiments with a single promoter, thus revealing in more detail the exponential tail of this distribution (figure 1(b), inset). We note that previously published results [12] show that these main features of the expression distribution are not a result of the growth technique using a chemostat-growing cells in a serially diluted batch culture results in similar distributions.
What are the microscopic mechanisms underlying the broad expression distribution at steady state? The yeast (b) Different populations grown under different conditions, such as chemostat dilution rate and nutrient composition, cluster into two shapes of the distribution according to the promoter number and independent of other conditions. The standard-deviation-to-mean ratios in the two families of distributions are 0.62 ± 0.02 and 1.03 ± 0.04. Inset: pooling together statistical data from several experiments with the single promoter strain reveals an exponential tail in these distributions over several decades in probability density.
S. cerevisiae proliferates by budding, and thus at a given time the population is a mixture of adult cells and buds at different growth stages. Recent work on the yeast GAL system utilizing FACS measurements has indicated that this population structure is an important source of variation in gene expression in the regime of high mean expression [13] .
In this work we analyze microscope images of the yeast population rather than measuring the fluorescence distribution by automatic FACS. This enables us to assess the contribution of the population structure directly, by examining the cellsize distribution and by analyzing separately subpopulations of mother cells and buds (see Methods). The cell-size distribution (figure 2(a)) clearly reflects the structure of the population: it is a superposition of the size distribution of the mother cells, a narrow distribution centered on a high value (red circles), and the size distribution of buds, a broad distribution of small sizes (green stars). In contrast, the gfp density distribution (fluorescence per unit projected area; figure 2(b)) is practically indistinguishable between the two subpopulations. The total fluorescence (figure 2(c)) shows some difference due to the differences in cells size, but both subpopulations have similar exponential tails and standarddeviation-to-mean ratios. We therefore conclude that the main features of the steady-state expression distribution, the peak near zero and the exponential tail, are not a result of the cellsize distribution or the presence of a mixture of mothers and buds in the population. We note that in our experiments, in contrast to most previous work (in particular [13] ), galactose is the sole carbon source and therefore the expression of the GAL genes is strongly connected to other parts of cell metabolism; it is this expression, which is of functional significance, that is of interest here. If galactose is used only as an inducing agent and a more readily metabolizable carbon source is supplied (e.g. raffinose), the expression of the GAL genes is mainly determined by local biochemical properties of the expression circuit and by the population size structure. Indeed, the variation in that case (σ /µ ∼ = 0.25) [13] is much smaller than that observed here (σ /µ = 0.6 or 1).
With high-copy plasmids in yeast, the precise number of promoters varies from cell to cell. One may expect this variation to play an important role in determining the expressed protein distribution.
However, in eukaryotic regulated modules such as the GAL system, this is not necessarily true because expression from a large number of promoters is controlled by an extremely small number of transcription factors. In the GAL system, for example, there are typically a few copies of the GAL4 transcription factor [37] , which bind in dimer form, and more than ten binding sites on the different GAL promoters [38] . In addition, there are many other GAL4 transcription factor binding sites, not related to the GAL genes, throughout the genome [39] . In pure galactose, all GAL promoters need to be active; therefore the natural system is strongly limited by the availability of transcription factors rather than by promoter copy number. In this regime, the sensitivity of expression to the promoter copy number is expected to be very low. We have verified this hypothesis by the direct measurement of mRNA levels of the native GAL genes by real-time PCR, showing that these levels are the same in both our yeast strains, with a single additional GAL promoter and with the addition of ∼40 GAL promoters on plasmids ( [12] , table 1). A comparison of the gfp mRNA levels between the two strains shows only a sixfold increase in gfp mRNA expression (see table 1 in [12] ). Thus, there is a nonlinear relation between the number of promoters and the level of expression, presumably due to limitation of transcription factors. Note that the situation described here is typical of many eukaryotic regulation modules [40] .
To study directly the sensitivity of the expression distribution to the mean number of promoters, we used the plasmid copy number as a control parameter. We performed an experiment in which the yeast cells were switched to an environment that is non-selective for the plasmids. Figure 3 shows the gfp fluorescence distributions at different time points along this experiment (3(a)), together with a direct measurement of the mean gfp-expressing plasmid copy number in the population (3(b)). It is clearly seen that the distribution is completely insensitive to the plasmid copy number within a wide range: loss of half of the initial plasmids, over a time scale of approximately 80 generations, does not affect the distribution at all. Note that with the release of the selection pressure not only the mean but also the variation in plasmid copy number is expected to change (rise) significantly. This implies that, in the regime of high mean copy number, the direct contribution of plasmid copy number variation to protein variation is negligible. When the copy number dropped below a critical value, (∼7), the protein distribution changed its shape and converged, at a low copy number, to a distribution similar to that exhibited by the integrated single-copy promoter ( figure 3(a), inset) . At intermediate levels of mean plasmid copy numbers, the mean fluorescence in the population decreased but the exponential tail was preserved with a similar slope, as seen in figure 4 . The ratio between standard deviation and mean in this dynamic process remained fixed. This implies that there is no direct relation between the exponential tail and the plasmid copy number, because if this were the case the loss of plasmids could not be uniform throughout the tail but would depend on the position in the tail [41] . Moreover, the protein variation, as reflected in the ratio between standard deviation and mean, is independent of the mean plasmid copy number, even in this regime where the distribution changes its shape. In conclusion, the dependence of the expression distribution on plasmid copy number is strongly saturated. In particular, the hallmark of the expression distributions-an exponential tail and a large standard deviation over mean-is insensitive to the promoter copy number in the regime of our experiment.
Processes shaping the steady-state distribution
The previous section has ruled out several hypotheses concerning the molecular mechanism underlying the broad expression distribution at steady state, including variations in cell size and in plasmid copy number. Together with the independence of the distribution on growth conditions, our results suggest that the distribution is not a direct result of a single molecular mechanism, and that it is insensitive to the details of the intracellular noise. To further test this hypothesis, we performed simulations of a dividing cell population with different intracellular protein production characteristics and different division characteristics, and computed the steadystate distributions (see Methods). Figure 5 shows that the main features of the protein distributions-a large standarddeviation-to-mean ratio, a peak near zero and an exponential tail-can be reproduced with different models of intracellular Here we took an average of two mRNA molecules produced per generation and a production rate to match the total protein production rate per generation with the other models.); Poissonian production at a constant rate with asymmetric division (f = 0.75, red); and protein production drawn from an exponential distribution with symmetric division (green). These results show that measuring the steady-state distribution does not provide sufficient information about the internal cellular and population processes.
noise source and cell division. These simulations show that the steady-state properties are not determined by the details of the intracellular noise. Therefore, rather than trying to trace the sources at the molecular level, we adopted a phenomenological approach to the problem: we perturbed the population and measured how the total distribution relaxed back to the steady state. Using fluorescence-activated cell sorting (FACS), we separated out two subpopulations from the two extreme ends of the steady-state distribution, as illustrated in figure 6(a) . These subpopulations were then separately grown in the same galactose-rich medium, and the fluorescence distribution and growth rates were monitored over several generations from the time of separation. The growth rates of the two subpopulations were found to be indistinguishable; in yeast cells, the growth rate is a direct consequence of the total metabolism, showing that the distribution does not correspond simply to variations in metabolic state across the population. Figure 6(b) shows that the dynamics of the fluorescence distributions of the two subpopulations were significantly different. The subpopulation starting at the high-fluorescence end converged back to the steady-state distribution within three to five generations. By contrast, for the low-fluorescence end subpopulation, the distribution steadily increased toward the steady state but had not reached it even after as much as nine to ten generations. The long time scales and asymmetry of this relaxation clearly show that a dividing cell population is very different from an ensemble of independent realizations of biochemical noise. The measured distribution reflects not only the internal cellular mechanisms, but necessarily also dynamic processes with typical time scales longer than a cell generation and involving cell division and protein inheritance.
The budding yeast provides a unique opportunity to directly measure the protein inheritance across consecutive generations. Figure 7(a) shows the gfp density in mother cells and corresponding daughter cells, measured from identified pairs in steady-state populations (see Methods). There is a strong correlation between them (correlation coefficient ∼0.9), with a slope close to 1 and with relatively small dispersion. Figure 7(b) shows a time-lapse microscopy measurement of a single mother-daughter pair during bud growth. In agreement with figure 7(a) , it shows that the protein density tends to equilibrate between the two cells and reaches approximately the same value at the end of bud growth, corresponding to protein diffusion that is fast relative to bud growth. These results show that the budding process ensures similar gfp densities in mature buds and their mother cells, rendering the new generation essentially a duplicate of the old one in terms of density. This reliable protein inheritance process induces strong dissipative loss of protein proportional to the existing resources in the mother cells and enables a fast convergence of the distribution to steady state after perturbation.
The protein distribution in the population is thus formed by a balance between two opposing processes: a dilution process (due to cell division) and a production process (protein production). The fractional nature of loss at divisionthe mother cell loses a fixed fraction of its existing protein content-leads to adjustment of the dilution process to the production process. The time scale of dilution is expected to be relatively short, and thus the population can undergo transitions from a high distribution to a lower one within a small number of generations. This is consistent with the rapid decay of the high-end fluorescence subpopulation, described above in the FACS experiment (figure 6). It is also consistent with previously observed rapid transitions that occur spontaneously (over three to five generations) from a broad to a narrower distribution in similar chemostat experiments [12] . 
Dynamics of protein distributions
The GAL system, being a metabolic switch that responds to carbon source, enables us to characterize induction and repression dynamics as reflected in protein distributions. To induce the GAL system we inoculated the chemostat with cells grown first in pure raffinose, which is non-inducing and nonrepressing to the GAL system; we operated the chemostat in pure galactose medium and monitored the time evolution of the gfp distribution (expressed, as before, from the GAL10 promoter). Figure 8(a) shows that the exponential tail of the distribution is extremely sensitive to the protein production process, determined here by the induction of the promoters. During this time the culture density in the chemostat remained stable. This implies that the GAL promoters have been induced within a short time and that cell metabolism had reacted quickly (within a single dilution time) to the medium switch from raffinose to galactose. Still, the protein distribution in the population takes an extremely long time (order of ten generations) to build up toward the gfp fluorescence steadystate distribution. The inset to figure 8(a) shows the mean fluorescence in the population as a function of time along the buildup process of the distribution. It shows that there exists a significant barrier to be passed when increasing the protein content in the population against the dilution forces, consistent with the long time scale for increase starting from a lowexpression subpopulation in the FACS experiment described above ( figure 6 ). Examining the shape of the distribution throughout the induction process, it is seen that the crossover point between the head and the exponential tail remained approximately fixed; the slope of the exponential, as well as the relative weight of the two components, changed as a function of time. The standard deviation and mean of the distributions obey an empirical linear relation along the induction process and their ratio is an increasing function of the mean ( figure 8(b) ). This is in contrast to a global scaling relationship found recently over many different genes and conditions [36, 42] . The particular relation observed here is consistent with the distributions being made up of two independent components, one relatively narrow and independent of the induction, and the other with an exponential tail that increases along the induction process (see the appendix).
The opposite dynamics of repression was observed by switching the chemostat medium from pure galactose to pure glucose. Figure 9 (a) shows the time evolution of the distributions, starting from the broad galactose steady state and decreasing toward a narrower distribution in glucose. Once again, the crossover point between the head of the distribution and the exponential tail remained approximately fixed, while the tail responded sensitively to the repression conditions. We have shown in a previous work that the lower distribution shown here is not the true steady state of the system in glucose, due to long-term adaptation dynamics [12] . Here, we concentrate on the transient repression in response to the medium switch to glucose. The inset of figure 9(a) shows that the mean fluorescence decays rapidly and reaches the repressed population state in approximately one generation; in this process, the population kinetics parallels the intracellular promoter repression kinetics. This is in marked contrast to the long time scale revealed in the population induction process. The strong dissipation induced by protein dilution in cell division acts against the induction process while it acts in the same direction as repression. This fast repression is consistent with the short relaxation time scale of the distribution starting from a high-expression subpopulation in the FACS experiment described above (figure 6).
The main features of the distributions throughout the repression process are similar to those during induction, as shown in figure 9(b) . In both cases, the exponential tail is sensitive to the activity of the GAL system, which is the source of protein production. The standard-deviation-to-mean ratio, once again, is an increasing function of the mean during the process-in this case, decreasing as a function of time.
Conclusion and outlook
Much recent work has been devoted to dissecting the different sources of variation in gene expression. In some studies artificial expression systems were used, or induction was applied artificially (where the expressed gene was not functionally essential). In these experiments it is often possible to relate statistical properties of gene expression to the detailed biochemistry of the specific regulation circuit since it is detached from many other cellular processes. Other studies have considered the large-scale behavior of natively regulated proteins by using automated FACS measurements. It was shown that particular gating procedures can separate out the intrinsic component of variation, which is dominated by biochemical noise [36] . In these studies generally growth and preparation were not characterized in detail, for example the difference between transient and steady state was not emphasized. Moreover, in recent work measurements from different time points relative to different applied conditions were pooled in one statistical analysis, making it difficult to characterize particular cellular processes [42] .
In the current work we studied the behavior of a protein under the regulation of a system that is essential for metabolism-the GAL system in pure galactose medium. Special attention was paid to culture preparation and growth. Under these conditions, it was shown that several simple mechanisms that could account for the distribution are in fact not the main sources of variation.
In particular, the biochemical noise in gene expression, heterogeneity in cell size and variations in promoter copy number are not the main mechanisms underlying the observed variation. From the population point of view, it is the total variation that is functionally important; we have therefore directed the focus of our research from tracing and separating molecular mechanisms to a phenomenological approach which emphasizes dynamics of distributions along time.
We have characterized the total variation in the population in terms of the protein distributions, their steady states and dynamics in response to perturbations over intermediate (∼ten generations) time scales. We found that steady-state distributions of a regulated essential system are universally broad, in contrast to a naïve single-cell picture in which each and every cell must strongly 'turn on' expression under inducing conditions. The shape of the steady-state distribution was independent of medium composition and growth characteristics over a wide range of conditions. Interestingly, the broad exponential-tail distribution is not unique to the budding yeast but was also observed in a different regulatory system in bacteria dividing by fission [43] . Such common behavior of the distribution tails in different regulatory systems supports the view that it is not the internal cellular processes that determine the steady-state distribution but rather a more general population balance of processes.
We have found in several different experiments a marked asymmetry between the relaxation dynamics of subpopulations depending on their initial conditions: transitions are much slower for subpopulations that need to ignite protein sources and build the steady-state expression distribution from below than for those that need to dilute high stocks of proteins and build the steady-state distribution from above. This asymmetry clearly shows that, under conditions where the underlying regulatory system is functionally essential, the distribution is not a realization of an ensemble of independent particles, each with its own internal noise source. Rather, it demonstrates the important role of population dynamics in constructing and maintaining the steady state. The distribution is a result of a balance between a source of protein production, which is intracellular and noisy, and a strong dilution process that dissipates a constant fraction of the protein content in each generation by cell division.
The population point of view presented here calls for a quantitative understanding of gene regulation at the population level, complementing the single-cell level. At the population level, the history of the population and the mechanisms of protein inheritance among generations play crucial roles in determining the main features of the protein expression distributions.
These features are most crucial for the population fate, since the expression distribution provides the substrate for selection and adaptation.
Appendix. Histogram analysis-relation between standard deviation and mean
During induction and repression, the standard deviation and mean of the protein distributions obey the linear relation σ = aµ − b, with positive constants a and b (fitting lines in figures 5 and 6; a ∼ = 1.3 and b ∼ = 50 in both cases). Accordingly, the ratio σ /µ is an increasing function of µ:σ = a − b/µ (fitting lines in figures 5 and 6). This relation is consistent with the population distribution being composed of two independent parts: an exponential tail that is sensitive to induction and repression, and a narrower 'head' of the distribution that is less sensitive to protein production: x = x 0 + x 1 . Assuming that x 0 x 1 = x 0 x 1 (statistical independence), σ (x 1 ) ≈ x 1 (exponential tail) and σ 2 (x 0 ) σ 2 (x 1 ) (much narrower head), one can estimate the standard deviation of the total random variable: σ (x) ∼ = σ (x 1 ) = x 1 = x − x 0 . This is exactly the relation observed in the experiments with a = 1.
Glossary
Phenotypic variation. Differences among cells or organisms other than in their DNA sequences. Phenotypic variation can exist among cells in clonal (genetically homogeneous) populations grown under homogeneous conditions and thus do not stem from differences in the genomes of these cells.
Gene regulation. The processes controlling the expression of genes from their coding in DNA sequence into proteins.
Transcription. The process in which regulatory proteins (transcription factors) interact with each other and bind to specialized DNA sequences to control the process of gene expression. This is the first and usually most significant step in gene regulation.
Reporter gfp. A green fluorescent protein that is inserted into a cell under the control of a particular regulatory system that is of interest. This way, the gene regulation system controls the expression of a protein that is quantitatively measurable by optical methods in live cells. These measurements provide useful information about the regulation system: its level of activity, dynamics, sensitivity etc.
GAL system. A group of genes responsible for utilizing galactose as a source of energy and carbon in the yeast S. cerevisiae. These genes have common components to their regulation system, and are known to respond directly to the type of sugar available to the cells.
FACS. Fluorescence activated cell sorter. A technique for measuring certain cellular properties (such as the expression of a fluorescent protein) at single-cell resolution in large cell populations. The distribution of these properties in the population can then be estimated, and the cells can be physically sorted to different groups according to these properties.
Chemostat.
A technique for growing cell populations (e.g., of microorganisms) in continuous culture. The proliferating population is fed at a constant rate, and cells and medium are diluted out at the same rate preserving the volume fixed. The population can be grown under fixed environmental conditions and can achieve a steady state in which the number of cells in the growth chamber is also fixed.
